Achieving 280 fs resolution with a streak camera by reducing the deflection dispersion
The factors that limit the temporal resolution in a streak camera operating in an accumulative mode were studied. By controlling the timing jitter, the transit-time dispersion and the technical resolution of the camera on the order of 100 fs, the role of the deflection dispersion was investigated experimentally. It was done by changing the electron beam size in the deflection plates with a variable slit in front of the plates. The temporal resolution of the camera reached 280 fs when the slit width was a 5 m slit. X-ray streak cameras with resolutions of a few picoseconds have been used at the third generation synchrotrons to study ultrafast dynamics in solids and in plasmas.
1-4 Because of the limited number of photons arriving on the streak camera and the low quantum efficiency of the photocathode, it is necessary to operate the streak camera in an accumulation mode. 5 By reducing the timing jitter that used to be the factor dominating the accumulating camera, cameras with ϳ600 fs resolution have been developed in recent years. 6, 7 To study optical phonons with time resolved x-ray diffraction, it is desirable to use detectors with 100 fs resolution. 8 In this letter, we focus on the reduction of the deflection dispersion in order to develop such a camera.
A schematic diagram of the streak tube used in this work is shown in the Fig. 1 . The photocathode is a thin film of Au coated on a fused silica substrate. There is a 25 m wide and 3 mm long slit on the anode to define the field of view of the camera. The single electrostatic quadrupole lens focuses the electron in the sweeping direction. A second slit is placed before the lens to control the electron transverse size in the lens and in the deflection plates, which is called the aperture stop slit. The meander type deflection plates have a response time of 120 ps. The electrons are intensified by a microchannel plate ͑MCP͒ and are displayed on a phosphor screen. The final streak image is recorded on charge-coupled-device ͑CCD͒ video camera. Using the video rate camera ͑Cohu 4920͒ instead of the slow-scan CCD allows real time optimization of the camera operation. The camera is cooled to 5°C that allows signal accumulation up to 1 min.
The experimental setup for testing the camera is similar to that in Liu et al. 7 To calibrate the scanning speed, a MachZehnder interferometer was used to split the Kansas Light Source laser beam into two beams. Each beam contains two pulses with a predetermined time delay per laser shot. One beam is frequency converted into UV light by focusing the near infrared laser pulses in air. The laser pulse duration is 30 fs and the center wavelength is ϳ790 nm. The central wavelength of UV light is ϳ260 nm that is the third harmonics of the laser. The pulse duration of the UV pulse is expected to be less than 100 fs. The UV pulses produce photoelectrons from the photocathode. The other beam from the interferometer is incident on a GaAs photoconductive switch. The near infrared laser pulses triggers the switch to generate ramp-voltage pulses for driving the deflection plates. 7 The temporal resolution of an accumulative camera is limited by the timing jitter, the technical resolution, the transit time dispersion, and the deflection dispersion. In order to study the effects of the deflection dispersion, we tried to minimize the other factors that limit the temporal resolution. Timing jitter was the dominating factor for accumulative camera. It is caused by a fluctuation in the laser pulse energy absorbed by the photoconductive switch. In the last few years, the timing jitter has been significantly reduced as demonstrated by the work in Refs. 6 and 7. The photoconductive switch and the deflection plates of this camera is the same as that used in Ref. 7 . The timing jitter is expected to be Ͻ100 fs for the ϳ1 % -2% rms energy fluctuation of the kilohertz laser used in the test.
The transit-time dispersion is the result of the initial energy spread of the liberated photoelectron from the surface of the photocathode. When the cathode is illuminated by x rays, the dispersion in the photocathode to anode region can be estimated by 9 ⌬t pa = 2.63 ͱ ␦ / E, where ␦ is in eV ͑the FWHM of electron energy distribution͒, electric field E is in kV/mm, and ⌬t pa gives a time dispersion in ps. The initial energy distribution of Au under the 260 nm illumination is hard to find in literatures. The work function of polycrystalline Au is 5.1 eV, 10 which is larger than the photon energy of the UV light used in the testing ͑4.7 eV͒. However, the contamination of the photocathode surface reduces the work function to 4.2-4.3 eV, which yields ␦ = 0.5 eV. 10 The spread is smaller than with x rays, e.g., ␦ = 1.1 eV for KBr x-ray photocathode.
11 Thus, the test using UV light underestimates the transit temporal dispersion for application in x-ray detection applications. However, the interest of this paper is to study the effects of deflection aberrations. It is easier to observe the effects of deflection aberrations when the limitation to the resolution from other factors mentioned previously are minimized.
It is well known that increasing the electric field between the photocathode and the anode reduces the effect of photoelectron energy spread thereby improving the temporal resolution of the streak camera. A significant obstacle to implementing high field is the arching that occurs between the cathode and the anode. We prevented the arcing by improving the vacuum and by polishing the photocathode and the anode. The highest electric field that our camera can sustain is 13.75 kV/ mm while operated at the pressure 2 ϫ 10 −9 Torr, which gives ⌬t pa = 136 fs. The entrance slit limited resolution ͑technical resolution͒ of the camera is determined by ⌬t tech = ⌬X / V, where V is the scanning speed, and ⌬X is the static image width. The scanning speed of the camera is 0.84 m / fs, i.e., 2.8 times the velocity of the light. Such a fast speed was obtained with meander-type deflection plates driven by a GaAs switch. Because of the high deflection sensitivity ͑0.67 mm/ V͒ and fast response ͑120 ps͒, the ramp voltages applied on the deflection plates is low ͑±187 V͒.
To reduce the width of the slit image, we used electrostatic quadruple lens because of its smaller spherical aberration as compared to lenses with axial symmetry. 12 The measured image width ⌬X was 166 m when the entrance aperture slit was removed, which is much larger than ideal image width 52.1 m obtained by multiplying anode slit width ͑25 m͒ and the transverse magnification ͑ϫ2.1͒. Evidently, this image broadening was caused by the aberrations inherent in the focusing lens and the MCP intensifier. The aberrations of the lens were reduced by placing a 5 m slit in front of the lens. The static image width obtained with the 5 m slit is 77 m, which is close to the ideal value and is the limit of the spatial resolution of the MCP intensifier. The measured transverse profile of the electron beam is shown in Fig. 2 , which was measured by scanning a 25 m slit across the electron beam at the entrance of the quadruple lens. The FWHM of the beam is ϳ1 mm, thus, the aperture stop slit significantly reduced the size of the electron in the lens. The technical resolution, ⌬t tech with the 5 m aperture stop slit is estimated to be 92 fs.
The ability of controlling the timing jitter, the transienttime dispersion and technical resolution on the other of 100 fs allowed us to study the deflection aberrations effectively. The deflection aberrations are caused by the finite electron transverse size and the transverse variation of the electric potential. The electrons travel faster in the higher potential region than those in the lower potential region. The difference of transit time in the plates can be estimated by 13 ⌬t d = d␣ / a , where d is the transverse size of the electron beam in the deflection plates. The maximum deflection angle ␣ and the average axial velocity a are 0.015 rad and 1.6 ϫ 10 −3 m / fs, respectively, for our camera. We studied the effects of the electron beam size in the deflection plates on the temporal resolution. The size was changed by using aperture stop slits with different widths. The results obtained are shown in the Figs. 3͑a͒-3͑c͒. Figures 3͑a͒ and 3͑b͒ were obtained when slits of widths were 50 m and 5 m. The corresponding results are summarized in Fig. 3͑d͒ . The two pulses with known delay were produced with a Mach-Zehnder interferometer. The results of these measurements clearly indicate that the resolution of the camera improves with the decrease in the beam size in the deflection plates. The temporal resolution of 280 fs by the conventional FWHM definition was obtained by using a 5 m slit, as shown in Fig. 3͑b͒ . With such a camera, two pulses separated by 333 fs can be well resolved, as shown in Fig. 3͑c͒ .
The sizes of the electron beam at the entrance of the deflection plates was not measured. The sizes are expected to be close to the widths of the slits. The calculated dispersions caused by the deflection are 50 fs and 500 fs for a 5 m slit width and a 50 m width slit, respectively. The calculated result with a 50 m width slit is close to the measured value. However, the estimated dispersion due to a beam size of 5 m is much better than the measured value. This is not surprising since for such a resolution other limiting factors take over. The resolution ⌬t that includes all the previously mentioned effects can be estimated by ⌬t
The estimated values are indicated in Fig. 3͑d͒ . The calculated resolutions agree with the measured results.
Just like there is a compromise between the spatial resolution and the f # of a conventional optical imaging system, a compromise between the temporal resolution and the throughput of the streak tube must be made. The calculated relative signal intensities for various slit widths are shown in Fig. 4 . The calculation was based on the transverse profile of the electron beam shown in Fig. 2 and the slit widths. As a comparison, the signal intensities were measured directly by changing the slit width, as shown in Fig. 4 . The calculations are in agreement with the measurements. For an accumulative streak camera, a long integration time can compensate the reduction of the throughput. In summary, we have shown experimentally that the deflection dispersions are a major limiting factor for streak cameras with resolutions approaching 100 fs. It is clear that the deflection aberrations can be reduced by reducing the beam size of the electron in the deflection plates. We demonstrated that a resolution of 280 fs FWHM was achieved when with a 5 m wide slit was used. X-ray streak cameras with such a high resolution can not only enhance the research capabilities at the third generation synchrotron facility, but will also impact the development and applications of the fourth generation x-ray sources. The camera may also become an important diagnostics for the development of the fourth generation x-ray sources whose pulse duration is on the order of 100 fs. This work is supported by the Division of Chemical Science, Office of Basic Energy Science, and the U.S. Department of Energy. We would like to thank J. Liu for his invaluable help. The supports from B. Shan, C. Wang, and J. Xia at the Kansas Light Source Facility are greatly appreciated.
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